We analyze a transient simulation of the last glacial inception in a climate model of intermediate complexity, focusing on sea ice-ocean circulation dynamics in the North Atlantic and Nordic Seas. This expands work previously done with time slice simulations from a high resolution model and provides important clues for the interpretation of climate proxy data from the last glacial inception. As northern high latitude summer insolation decreases towards the end of the Eemian interglacial, Arctic sea ice export to the North Atlantic increases. This surface fresh water transport weakens deep water formation in the North Atlantic and the surface circulation of the subpolar gyre. As a consequence, the relative contribution of subpolar gyre waters to the Atlantic inflow into the Nordic Seas is reduced, giving way to more warm and saline subtropical waters from the North Atlantic Current. We thus find an episode of relatively high heat and salt transport into the Nordic Seas during the last glacial inception between 118,000 and 114,000 years before present.
We analyze a transient simulation of the last glacial inception in a climate model of intermediate complexity, focusing on sea ice-ocean circulation dynamics in the North Atlantic and Nordic Seas. This expands work previously done with time slice simulations from a high resolution model and provides important clues for the interpretation of climate proxy data from the last glacial inception. As northern high latitude summer insolation decreases towards the end of the Eemian interglacial, Arctic sea ice export to the North Atlantic increases. This surface fresh water transport weakens deep water formation in the North Atlantic and the surface circulation of the subpolar gyre. As a consequence, the relative contribution of subpolar gyre waters to the Atlantic inflow into the Nordic Seas is reduced, giving way to more warm and saline subtropical waters from the North Atlantic Current. We thus find an episode of relatively high heat and salt transport into the Nordic Seas during the last glacial inception between 118,000 and 114,000 years before present.
This stabilizes deep ocean convection in the region and warms Scandinavia during the phase of lowest insolation. These findings are in good agreement with proxy data from the Nordic Seas and North Atlantic. At the end of the warm interval, sea surface temperature drops by about 3
• C, probably marking the onset of large scale glacier growth over Scandinavia.
Introduction
The last glacial inception about 115,000 years ago (115 ka) was a period of exceptionally low summer insolation in northern high latitudes. This facilitated the nucleation of continental scale ice sheets in the Northern Hemisphere and triggered feedback processes which eventually led to the end of the interglacial climate and a shift to a cold glacial climate [de Noblet et al., 1996; Khodri et al., 2001; Calov et al., 2005] .
There is, however, evidence that the cooling due to lower insolation was not homogeneous and that relatively high temperatures prevailed in the eastern North Atlantic [Chapman and Shackleton, 1999; Bauch and Kandiano, 2007] and the eastern and northern Nordic Seas [Risebrobakken et al., 2007] throughout the insolation minimum. The warming is attributed to a strengthening of the Norwegian Atlantic Current (NwAC), carrying warm and saline water from the Atlantic Ocean through the Nordic Seas into the Barents Sea and Arctic Ocean (Fig. 1) . It plays an important role in the formation of deep waters and changes in its strength likely impact the deep outflow from the Nordic Seas. A weakening of this deep current only after the insolation minimum also suggests that the NwAC continued to be active [Rasmussen et al., 1999] . Further south, in the central North Atlantic, a northward shift of the North Atlantic Current is reported coeval with the strengthening of the NwAC [Cortijo et al., 1999] . The combined evidence from proxy data thus indicates a reorganization of the large scale current system.
Previous modeling work identified the following chain of events in the coupled climate model IPSL CM4 : decreased summer insolation in northern high latitudes at 115 ka compared to 126 ka increases the Arctic sea ice volume. Thus, thicker D R A F T February 2, 2010, 10:38am D R A F T sea ice is transported southward in the East Greenland Current, freshening the surface waters of the North Atlantic. Consequently, deep convection is shut down in this region and the altered density structure weakens the subpolar gyre. This in turn reduces the relative contribution of the subpolar gyre to a water mass formed in the Rockall region of the eastern North Atlantic, giving way to more warm and saline subtropical waters to enter the Nordic Seas [Hátún et al., 2005] . This mechanism counteracts decreasing insolation and the general freshening trend due to enhanced sea ice transport (Fig. 2) .
The weaker subpolar gyre also allows for a northward shift of the North Atlantic Current, observed as a warm anomaly and a salinity dipole off Newfoundland.
In the present study we expand this work with a transient simulation. The aim is to investigate if findings from proxy data can be reproduced in a physically consistent climate model and thus provide a detailed description of the regional climate evolution of the last glacial inception. The North Atlantic surface circulation is found to play an important role. Following a description of models in Section 2 and proxy data in Section 3, results of the two coupled climate models are analyzed in Section 4. Based on the model results, an interpretation and discussion of proxy data is given in Section 5. We summarize and conclude in Section 6.
Model Description and Experiments
This study combines simulations of a high resolution ocean atmosphere general circula- All experiments are forced by orbital insolation following Berger [1978] and fixed greenhouse gas concentrations at the preindustrial level (CO 2 , 280 ppmv). The latter is a good approximation for the Eemian and the last glacial inception until about 112 ka [Petit et al., 1999] . After that, CO 2 concentration decreased gradually to 250 ppmv at 110 ka. This is not included in the simulations. Details of the models and relevant references are given below.
IPSL
The Institut Pierre Simon Laplace coupled model version 4 (IPSL CM4) comprises ocean, sea ice, atmosphere and land surface components. The ocean model's dynamical core is based on the OPA system [Madec et al., 1997] . The configuration used here (ORCA2) uses a horizontal resolution based on a 2 degree Mercator mesh, enhanced to 0.5 degree meridional resolution near the equator for a better representation of the equatorial wave channel and with two poles over the continents in the Northern Hemisphere in order to avoid a singularity in the Arctic Ocean. There are 31 unevenly spaced levels in the vertical. A free surface formulation is used for the upper boundary [Roullet and Madec, 2000] , and a diffusive boundary parametrization is used for the bottom [Beckmann, 1998 ].
The dynamic sea ice model (LIM2, Fichefet and Maqueda [1997, 1999] ) uses the horizontal ocean grid to compute ice rheology and advection. Thermodynamics are computed in three vertical layers, the uppermost for snow. Ice growth and melting are determined by an energy balance at both the snow-ice-and water boundary and in leads. Internal
forces follow a viscous-plastic law [Hibler , 1979] . The model features parametrizations for the trapping of shortwave radiation by brine pockets, leads in the ice, as well as an implicit representation of subgrid variations in snow and ice thickness.
The atmosphere is modeled by a comprehensive general circulation model (LMDZ, Hourdin et al. [2006] ) with a resolution of 3.75 zonally and 2.5 meridionally on 19 vertical levels. Precipitation over land is returned to the ocean by means of a river routing scheme implemented in the land surface model (ORCHIDEE, Krinner et al. [2005] ).
The simulations for 126 ka and 115 ka were initiated with an ocean at rest and preindustrial hydrography [Levitus, 1982] and integrated for 300 and 800 years, respectively. The results presented are calculated from averages over the last 100 years of the simulations.
More information on the simulations can be found in Braconnot et al. [2008] and Born et al. [2010] .
CLIMBER-3α
CLIMBER - The atmospheric model has a coarse spatial resolution (7.5 • in latitude and 22.5 • in longitude) and is based on the assumption of a universal vertical structure of temperature and humidity, which allows reducing the three-dimensional description to a set of twodimensional prognostic equations. Heat and freshwater fluxes between the ocean and the atmosphere are computed on the oceanic grid and applied without any flux adjustments.
The wind stress is computed as the sum of the NCEP-NCAR reanalysis wind stress climatology [Kalnay and coauthors, 1996] and the wind stress anomaly calculated by the atmospheric model relative to a preindustrial control run.
This model has been used in several studies of past climates [Montoya et al., 2010; Born and Levermann, 2010] and future projections [Gregory et al., 2005; Stouffer et al., 2006] .
Time slice experiments for 126 ka and 115 ka were initialized from the preindustrial control experiment and run to equilibrium for more than 2000 years. In order to reduce the high computational cost of the transient simulation, the orbital forcing is accelerated by a factor of three. Thus, the simulated 16,000 years from 126 ka to 110 ka correspond to about 5400 model years. Atmospheric chemical composition, land surface topography and albedo were fixed and thus neglect feedbacks of the progressing glacial inception.
However, as discussed in Section 4, findings presented here should not depend critically on this simplification. A control experiment with forcing fixed at 126 ka was run in parallel. 
Marine sediment cores and proxy data

Model Results
While resolution is significantly lower in CLIMBER-3α compared to IPSL CM4, the key elements determining the dynamical changes depend on large scale features of the climate system and are thus well reproduced (Fig. 3) . Analysis of the transient experiment supports the following causal chain led by changes in summer insolation (Fig. 4) . Arctic sea ice export through Denmark Strait increases as summer insolation decreases. The associated freshwater transport weakens the subpolar gyre first gradually and after 118 ka in a rapid transition. Concurrently, northward heat transport by the NwAC increases by ∼39·10 12 W (16 %). As summer insolation increases again the process is reversed with a second abrupt transition at 114 ka. This is in good agreement with the relative warming and salinification of the NwAC found in IPSL CM4 (Fig. 2) . Note that despite increased heat transport by the NwAC no absolute warming is expected at 115 ka because of the counteracting large insolation forcing (Fig. 4a) .
Similarly, enhanced salt transport counteracts the general freshening by sea ice locally but does not reverse it. However, this is enough to stabilize deep water formation in the Nordic Seas (Fig. 4e ) .
Although not directly comparable, fluxes in CLIMBER-3α are generally similar to Observed sinking in the Nordic Seas is about 6 Sv.
Stabilization of Nordic Seas deep water formation is also seen in mixed layer depth (Fig.   5 ). Deep convection remains active in the Nordic Seas despite the general freshening and more extent sea ice (Fig. 2) . Absolute values differ between the two models. Although, simulate weaker convection at 115 ka. This is a result of weaker salt advection in the subpolar gyre in both models [Levermann and Born, 2007; .
Note that the climate evolution is underestimated towards the last part of our simulations, due to neglecting transient climate forcings such as changes in atmospheric greenhouse gasses, land ice and vegetation. A reduction in atmospheric CO 2 started at approximately 112 ka [Petit et al., 1999] and reached a value 30 ppm below the interglacial average at 110 ka, about one third of the full glacial-interglacial difference. Global eustatic sea level declined ∼40m between 120 ka and 110 ka due to the accumulation of ice on land [Waelbroeck et al., 2002] . Considering these long term changes, the last part of D R A F T February 2, 2010, 10:38am D R A F T the transient simulation has to be interpreted carefully. The abrupt transition described here, however, occurred before the large changes in CO 2 and sea level.
Evidence of strong Norwegian Atlantic Current from Proxy Data
Our model experiments compare well to a number of marine proxy records throughout the North Atlantic and Nordic Seas (Fig. 1 warming is also seen in other cores from the Norwegian Sea, and it has been argued for an Eemian climatic optimum, with the most intense advection of Atlantic surface water 118.5 ka -116 ka [Bauch and Erlenkeuser , 2008] .
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A warm pulse is also found on the Rockall Plateau (NEAP18K) at about 115 ka, both in transfer function SST estimates based on foraminiferal assemblages and planktic δ 18 O in the surface dwelling species Globigerina bulloides (Fig. 6c ) [Chapman and Shackleton, 1999] . These findings are supported by similar results seen in M23414 [Bauch and Kandiano, 2007] . This North Atlantic warmth supports the hypothesis that the warm pulse in the Nordic Seas originates in the North Atlantic and that the warm pulse is related to increased meridional heat transport across the Greenland Scotland ridge.
The detailed time slice simulations show surface warming off Newfoundland in the central North Atlantic (Fig. 2, upper) . As explained above, this is the result of a weaker subpolar gyre and a subsequent northward shift of the North Atlantic Current, providing additional means to test the dynamical hypothesis of this study with proxy data. Warmer and more saline water is seen during the late interglacial in the central North Atlantic (Fig. 1, CH69 -K9 and SU90-03), in reconstructions based on planktic δ 18 O [Cortijo et al., 1999] . Generally, the prolonged warmth of the last interglacial, beyond the insolation minimum, is well documented for the eastern subpolar North Atlantic [Ruddiman and McIntyre, 1975; McManus et al., 2002] .
In addition to the surface proxy data, evidence exists for a stable deep outflow from the Nordic Seas until 114 ka (MD95-2009 , [Rasmussen et al., 1999 ). This outflow is fed by downwelling water masses in the Nordic Seas and thus corroborates the model simulation of an active deep circulation in the Nordic Seas (Fig. 4e) . The single marine sediment core, however, represents only one branch of the deep outflow and can not constrain the absolute change of the deep outflows.
Warming towards the end of the Eemian interglacial can also be found in terrestrial data from southern Norway at Fjøsanger, indicated by the appearance of Ilex pollen (holly) [Mangerud et al., 1981] . Thus, there is consistence also between our marine data and terrestrial evidences. Glaciation started soon after this final warm peak. Although the data from Fjøsanger data cannot be strictly correlated with the marine cores, it suggests that a warming preceded inception over Scandinavia.
Summary and Conclusions
We present a physical mechanism for enhanced warmth in the eastern North Atlantic Both marine and terrestrial proxy data indicate that large scale glacier growth started soon after the late Eemian warm phase [Mangerud et al., 1981; Risebrobakken et al., 2007] , suggesting that the intrusion of Atlantic waters into the Nordic Seas played an important role for glacial inception over Scandinavia. Whether this warm water enhanced the air sea temperature contrast, increased moisture transport, and accelerated ice growth, or rather delayed ice growth due to warming is unclear.
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